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ABSTRACT 
CHEMISTRY 
GATES, REBA A. CLARK ATLANTA UNIVERSITY 
FOURIER TRANSFORM INFRARED SPECTROSCOPIC STUDY OF 
INTERCALATION OF ETHIDIUM BROMIDE IN CALF THYMUS DNA 
Advisor: Professor Mark B. Mitchell 
Thesis Date December 1992 
An 8 mmole (base pair)/liter aqueous solution of DNA, and a 4 mmole (base pair) 
aqueous solution of Poly(dA-dT) were prepared for the study of the physical mechanism 
of complexation with an ethidium bromide solution. A 4 mmole ethidium bromide 
solution was added to a 1 mL DNA solution in lOO/iL increments and was analyzed via 
Fourier Transform Infrared (FT-IR) Spectroscopy. An infrared spectrum of the mixture 
after each incremental addition was obtained. The ratios of the ethidium bromide to 
DNA base pairs for the resulting solutions were as follows: 1/20, 1/10, 1/6.7, 1/5, 
1/3.3, 1/2.9, 1/2.5, 1/2.2, and 1/2. The resulting infrared spectra of these solutions 
indicated that the interaction of ethidium bromide with DNA in aqueous media exhibits 
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two different modes at different relative concentrations of DNA and ethidium bromide. 
The first type of interaction which is most prominent for the lower ratio mixtures ( < 1/5) 
is intercalation. This interaction is characterized by a shift (Acm1) in the phosphate 
bands of DNA. The second type of interaction is groove binding of the ethidium 
bromide to DNA which is indicated by the growth of a new feature at 1260 wavenumber 
(cm1). A 2 mmole ethidium bromide solution was utilized for the preparation of 
Poly(dA-dT)/ethidium bromide solutions resulting in solutions with the same ratios of 
ethidium bromide to Poly(dA-dT) as those for the ethidium to DNA solutions. The 
spectra of the Poly(dA-dT) solutions showed the shifting of the phosphate infrared bands 
just as the DNA complexes, but there was distinct splitting of the 1214 cm"1 band and the 
1050 cm"1. This splitting is due to the two different phosphate environments and 
phosphodiester environments of dA and dT. 
2 
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INTRODUCTION 
In the study of the mechanisms of physical interactions of drugs with DNA one 
may be concerned with whether or not the drug itself is capable of interfering with DNA 
functionality. In some cases the drug may interact with DNA in such a way as to impair 
the replication function of DNA. This may occur directly, in which case the drug 
interacts with DNA to form a complex, or it can occur indirectly by causing structural 
deformations such as strand breaking, formation cross links, or base pair removal.1 
Figure 1 gives a pictorial representation of the direct and indirect interactions of drugs 
with DNA. 
In the case of direct interactions one mode of complex formation that is of great 
interest is called intercalation. Intercalation is the process by which a planar aromatic 
ring system of a drug interacts with DNA by slipping between the stacked base pairs of 
the double helix DNA molecules. 
In this investigation the classical non-specific intercalating agent, ethidium 
bromide (Figure 2) was chosen in order to study changes in the DNA spectrum and 
structure which occur with intercalation. This agent was chosen because it is a non¬ 
specific intercalator and readily binds with DNA in vitro. 
The primary purpose of this investigation was to examine changes in the DNA 
vibrational spectra which occur during intercalation via aqueous FT-IR spectroscopy. 
Although other techniques such as fluorescence spectroscopy2 have been employed, FT-IR 
results are not dependent on the environmental conditions under which the studies were 
conducted as is fluorescence spectroscopy.3 Fluorescence intensity and lifetime can vary 
l 
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Figure 1: Drug Interaction with Double Helix DNA. 
NH2 
Figure 2: Ethidium Bromide 
with changes in solvents, deuteration, and addition of small amounts of water to non- 
aqueous solutions which do not relate to changes in binding. Olmsted and Kearns studied 
the intercalation of ethidium bromide via spectrofluorimetry.3 It is generally agreed from 
earlier studies that intercalation of ethidium bromide enhances fluorescence.2 In this 
investigation Attenuated Total Reflectance (ATR) Spectroscopy has been used to study 
intercalation of ethidium bromide in DNA in an aqueous environment. Though FT-IR 
of aqueous solutions is difficult due to water absorption, with the use of ATR excellent 
results were obtained. 
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DNA: STRUCTURE AND FUNCTIONALITY 
When one speaks of the chemistry of heredity nucleic acids are the compounds 
of interest. Nucleic acids are classified as acids due to the acidic phosphate residue. The 
term nucleic was labeled because the acids were first discovered in the nucleus of the 
cell. There are two classifications of nucleic acids: 
1. DNA (DeoxyriboNucleic Acid) 
2. RNA (RiboNucleic Acid) 
The major function of DNA is its contribution of genetic material; RNA participates in 
all phases of protein synthesis. 
The composition of these DNA’s and RNA’s differ mainly by their sugar 
moieties. Table 1 illustrates the composition of the nucleic acids. 
Table 1: Composition of Nucleic Acids 
RNA DNA 
Sugar Ribose Deoxyribose 
Base Purine Purine 
Base Pyrimidine Pyrimidine 
Residue Phosphate Phosphate 
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Each monomeric unit of nucleic acid is composed of a sugar, a single base, purine or 
pyrimidine, and a phosphate residue. 
For the purposes of this investigation the nucleic acid of interest was calf thymus 
DNA. Therefore the focus will be on the general structure and functionality of DNA. 
The purine components of DNA are adenine and guanine. The pyrimidine 
components are cytosine and thymine. Figure 3 gives an illustration of the DNA base 
components. 
Purine Bases of DNA 
Adenine Guanine 




Figure 3: Base structures of DNA 
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The sugar component is deoxyribose in its deoxyribofuranose configuration. Ribose 
differs from deoxyribose in presence of a hydroxyl group at the C2 carbon. The 









Figure 4: Straight chain configuration and Furanose configuration of 2-deoxyribose 
The numbering system for the purine and pyrimidine is illustrated in Figure 5. 
Purine Skeleton Pyrimidine Skeleton 
Figure 5: Numbering system for Purine and Pyrimidine ring systems 
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The structure of DNA begins with the formation of a nucleoside which consists 
of a purine or pyrimidine base joined to a sugar by a glycocyl linkage. In the case of 
DNA we have: 
Base + Sugar > Nucleoside 
Base + Deoxyribose > Deoxyribonucleoside 
If the reaction of the bases and sugar for DNA are considered, the nucleosides of interest 
in Figure 6 are formed. 
Note that prior to forming the resulting nucleoside, the deoxyribose was labeled 
as 2-deoxyribose. The resulting nucleoside was labeled as a 2’-deoxyribonucleoside. 
This results from the numbering scheme as shown in Figure 7. 
Nucleosides are transient intermediates in the biological breakdown of nucleic 
acids. They do not occur in any significant amount in free form in cells. Nucleotides, 
however, do occur in free form in significant amounts in the cell. Nucleotides are the 
monomeric building blocks of the polynucleotides. Those nucleotides derived from DNA 
are deoxyribonucleotides. Nucleotides are phosphoric acid esters of nucleosides (Figure 
8). 
The major deoxynucleotides are the 5’-triphosphates in living tissue. The specific 
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Il II II 
0 0 0 
Nucleoside 5'-monophosphate (NMP) 
Nucleoside 5'-diphosphate (NDP) 
Nucleoside 5'-triphosphate (NTP) 
Abbreviations of Deoxyribonucleosides 
5'-monoDhoDhates 5'-diphosphates 5-tnDhosphates 
Adenine dAMP dADP dATP 
Guanine dGMP dGDP dGTP 
Cytosine dCMP dCDP dCTP 
Thymine dTMP dTMP dTTP 
Figure 9: General Structure and Abbreviation of NMP’s, NDP’s and NTP’s 
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Nucleotides consist of one nucleoside with (n) phosphate residues. The DNA 
double helix is made up of two chains of complementary deoxyribonucleotide units held 
together by phospholydic linkages. 
DNA structural link consists of the phosphoester linkage of the 3’-5’ positions of 
nucleotides one to another (Figure 10). 
Base 
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Figure 10: General Structure for DNA 
it 
In 1953, Francis Crick and James Watson postulated a three-dimensional model 
of DNA.7 This model consists of two helical polynucleotide chains coiled around the 
same axis to form a double helix.7 The two chains or strands that make up this double 


















Figure 11: Complimentary antiparellel strands of DNA 
The bases of one strand are paired with the bases of another in such a manner that only 
certain base pairs can fit inside the helical structure and hydrogen bond to each other. 
The allowed pairs for DNA are A-T and G-C. The manner in which these base pairs 
form hydrogen bonds is shown in Figure 12. 
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Figure 12: Hydrogen bonding of base pairs in DNA8 
The bases are relatively insoluble in water and are stacked within the double helix 
where they are shielded from water. The sugar residues and electrically charged 
secondary phosphate moieties are on the periphery of the helix. This stability of the 
double helix is accomplished not only by hydrogen bonding of the complimentary base 
pairs, but also by the hydrophobic interaction between the stacked bases.8 
The double stranded helix of DNA is the genetic material in the central dogma. 
For mammals the process involves the synthesis of proteins: 
DNA > RNA > Proteins 
The central dogma is the process by which genetic information is passed. There are three 





The process involves the separation of DNA to produce DNA templates. These 
templates (copy strands) are transcribed by a process called transcription. Transcription 
results in the synthesis of three types of RNA (messenger, ribosomal, and transfer). 
Although the RNA’s are involved in protein synthesis, without correct template 
replication the RNA units can become mutated and result in mutagenesis.9 
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SPECTROSCOPIC CHARACTERIZATION OF DNA 
In the study of DNA/Intercalator complexes it is first essential to characterize the 
polynucleotide free of any type of intercalating agents. Studies have employed both 
Raman and infrared (IR) spectroscopic techniques to characterize A, B, and Z 
conformations of DNA. 
The A form of DNA is characterized by deoxythymidine with the C3’-endo/anti 
geometry as opposed to the Z form DNA, which is characterized by the Cl’-endo/anti 
geometry of deoxythymidine. The C2’-endo/anti geometry is known as the B form of 
DNA. For each geometrical conformation the Cl’, C2’, and C3’ refer to the linkage of 
thymine to deoxyribose.20,21,22 
The base composition ratio of Calf Thymus DNA (CT-DNA) has been determined 
via infrared spectroscopy, UV absorption, and melting point determination. The base 
composition is approximately 60% Adenine + Thymine with corresponding 40% 
Guanine + Cytosine. 
For the purposes of this investigation the characterization of DNA will be 
discussed by region. 
1000 cm'1 - 750 cm'1 Region 
Taillandier et. al.23 theoretically analyzed guanosine and cytidine residue 
vibrational spectra using a valence force field. The calculations were based on the 
Wilson GF matrix method which was developed within the framework of the harmonic 
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approximation for the potential energy. This approximation is valid when vibrational 
mode frequencies are calculated using non-redundant sets of 3N-6 coordinates.23 
Utilizing this method Letellier et. al.23 have assigned for the vibrational modes in 
polyoligonucleotides. 
To begin with, Letellier23 considered the ability of the cytidine force field to 
reproduce the 2’-deoxycytidine (dC) vibrational modes. Two molecules were considered. 
The first molecule (MI), was 2’-deoxycytidine containing a C3’-endo sugar, while the 
second molecule (Mil), included a sugar pucker with C2’-endo conformation. Both MI 
and Mil adopted an anti conformation with regard to the cytidine residue. These 
molecules were introduced to the calculations to observe the role of the sugar 
conformation on the 2’-dC vibrational modes and the results were compared to published 
infrared band frequencies. The calculations showed that vibrations in the region between 
1070 cm'1 and 800 cm1 are very sensitive to the sugar conformation. These results were 
considered as evidence that the Wilson GF-method was reliable and thus the method was 
employed to account for the guanosine and cytidine residue vibrational modes in B and 
Z form polynucleotides. 
Infrared spectroscopy has also been utilized for the characterization of unoriented 
DNA. Marker bands in the region 800 cm"1 to 900 cm'1 are unique to different 
orientated conformations of DNA. A band at 835 cm'1 is characteristic of B-DNA and 
A-DNA is characterized by a band at 860 cm1. A band assigned to a vibrational sugar 
mode is found at 1185 cm"1 and is absent from the infrared spectra of B-DNA.28 
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Taillandier et. al.22 examined four different polynucleotide films at high Relative 
Humidity (RH) for the determination of backbone conformation. The IR spectra of 
poly(dA) poly(dT), poly(d[8-2H]A-dT), poly(dA-dT), and d(A5T5) were examined between 
1000 and 750 cm'1. It was found that all four spectra exhibited a band at 839 cm'1 for 
the alternating polymers and a vibrational mode band at 840 cm'1 for the nonalternating 
polymers. The 840 cm'1 band is a well known IR marker band of the B-type DNA 
backbone. The studies for the B-type marker were verified by Taillandier et. al. in 
1985.22 Note that the IR spectra of these highly hydrated films reflect an alternating AT 
sequence as for poly(dA-dT). 
The spectra for the A form of DNA in the 1000 to 750 cm"1 region for poly(dA- 
dT) and poly(d[8-2H]A-dT) films at low RH was also examined. The B to A transition 
occurred when the water content of the film was decreased. The resulting spectra 
showed two characteristic bands of an A-type backbone when the RH was below 71%. 
In H20 there was a strong band at 826 cm'
1 and a weak band at 807 cm'1. The 
corresponding bands found in D20 were 861 cm'
1 and 805 cm'1 respectively. These 
bands were similar to those observed near 860 cm-1 and 805 cm'1 in the low RH infrared 
spectra of several native DNA’s whose structures are known to be A-type under these 
conditions.22- 35 The IR marker bands of a homogeneous A-helix containing only A-T 
pairs have never been observed in d(A5T5) and poly(dA) poly(dT), but broadening of the 
840 cm'1 band and two new peaks near 855 and 820 cm'1 become apparent with a 
decrease in water content. These new absorptions are at frequencies different from the 
marker bands of pure A-type backbone material. Also the spectra between 1000 and 750 
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cm'1 differ from the spectra Taillandier et. al.24 generated for DNA for which B and A 
forms coexisted. In the DNA with coexisting A and B backbones, the marker bands 
were observed simultaneously at the same frequencies found in pure B and A double 
helices. The low humidity spectra of d(A5T5) and poly(dA)poly(dT) seem to reflect a 
heteronomous configuration, (configurations specialized along different lines of growth), 
with a different backbone geometry for the strands. 
Three other characteristic bands of poly(dA) poly(dT) were found at around 967, 
933, and 876 cm'1. The 967 cm'1 band was split into three components upon the B to A 
transition. With specific C8 deuteration of adenosine, the band splits into two 
components.22 
Note the difference in the low RH spectra of d(A5T5) and poly(dA) poly(dT) is the 
presence of a shoulder detected at 988 cm'1 for the d(A5T5). The intensity of the 933 cm' 
1 band increases with A-T content in native B-type DNAs. For the B to A transition this 
band disappears. This is in agreement with Taillandier’s hypothesis of a heteronomous 
structure (specialized lines of growth) of these two duplexes. Its intensity decreases at 
low RH but is still present in the spectra for the nonalternating sequences.22,24 
Taboury et. al.21 studied the out-of-plane base vibrations and phosphodiester chain 
of poly(dG-dC) poly(dG-dC). This study was conducted in D20 to avoid the 
interferences due to H20 absorption. From these studies it was found that the B to Z 
transition resulted in modifications in the intensity of the 892 cm'1 band. Upon transition 
from B to Z conformation the intensity of this band decreased drastically and two new 
absorptions were present at 925 cm'1 and 1014 cm'1. These band were associated with 
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deoxyribose vibrations coupled to backbone vibrations. The phosphodiester chain 
vibrations were observed for the same system at 828 cm'1 and 853 cm'1 in B form and 
were shifted to 835 cm'1 and 868 cm'1 in the Z form. It is also noted that for the B form 
of the poly(dG-dC) poly(dG-dC) a sharp band at 778 cm'1 is split into two components 
well separated in D20 at 784 cm'
1 and 778 cm'1 for the Z form. When the poly(dG- 
dC) poly(dG-dC) Z form spectrum is compared to spectra of bromination of guanine, it 
can be determined that the poly(dG-dC) poly(dG-dC) absorption band at 784 cm'1 is due 
to a guanine vibration while 778 cm'1 is due to a cytosine vibration. These two 
absorptions are assigned to out-of plane ring vibrations. 
In 1988 Taillandier et. al.20 studied the conformation flexibility in right handed 
and left handed double helices of the 5C methylated polynucleotide films of d(m5C-G-T- 
A-m5C-G). The studies utilized IR spectroscopy to look at the two central adenines. 
The study showed that these adenines were in syn conformation and that the backbone 
conformation is similar to the (dC-dG)3 left handed Z conformation. 
X-ray diffraction studies, which are consistent with infrared studies, suggest that 
for native DNA heterogeneous fibers exist.26 
1250 cm'1 - 1000 cm'1 Region 
Vibrations of the phosphate and deoxyribose moieties give rise to major 
absorption peaks in the region between 1250 cm"1 and 1000 cm1.24 For the low RH 
poly(dA) poly(dT) Taillandier et. al. observed peaks at 1226 cm'1, 1236 cm"1, 1241 cm"1, 
and 1188 cm'1. The 1226 cm"1 and 1236 cm'1 peaks were a result of the splitting of the 
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characteristic 1226 cm"1 peak. The split peaks are characteristic of the A family helices. 
The 1188 cm'1 peak is characterized by the deoxyribose motion . The 1236 cm"1 peak 
in the spectra is believed to be due to the existence of two different phosphate 
environments for the dA and dT strands. The peak at 1188 cm"1 was assigned based on 
studies conducted by Pohle and Fritzsche in 1980.28 
For elucidation of the spectral changes of bands due to the phosphate moiety in 
the sugar-phosphate backbone the work of Pohle et. al.28 was reviewed. The 
antisymmetric and symmetric stretching vibrations are observed at 1230 cm"1 and 1090 
cm"1 and are denoted by and us respectively. Pohle et. al. investigated CT-DNA and 
salmon sperm as oriented films. The results revealed conformation specific IR bands for 
A form DNA at 860, 804, and 1185 cm1, while the B form conformation specific band 
was at 830 cm1. The antisymmetric vibration of phosphate was found between 1221 cm"1 
and 1240 cm"1. Pohle et. al. also verified a hydration-induced decrease on the absorption 
frequency from 1240 cm"1 to 1220 cm"1 for CT-DNA. 
Taillandier et. al.20 considered RH lower than the 98% RH films of d(m5C-G-T- 
A-m5C-G). The IR spectra reflected the left handed structure. This was apparent from 
the characteristic bands which appeared at 98% RH remaining present during the B to 
Z transition. In the phosphate group region, 1250 cm'1 to 1000 cm'1, shifts in 
frequencies are found for the phosphate antisymmetric stretching vibration. The 
phosphate antisymmetric stretch absorption shifted from 1221 cm"1 for 98% RH to 1215 
cm"1 for 81% RH. The most prominent feature is due to the strong hypochromism or 
decrease in absorption intensity of the 1090 cm"1 band, characteristic of the symmetric 
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stretching vibration of the C5’-05’ phosphate groups. For the right-handed form at low 
RH the transition from B to A is apparent. The Z form is not apparent. 
1550 cm'1 - 1250 cm'1 Region 
In the region 1550 cm'1 to 1250 cm1 the calculated results utilizing the Wilson 
GF-method explained most of the characteristic IR bands for B to Z transition.23 For 
example, the calculated results explain the displacement of the guanosine structural 
transition for the most characteristic band shifts. For B to Z transition the experimental 
shifts are from 1420 cm'1 to 1409 cm'1 and 1375 to 1354 cm'1 which correspond to the 
calculated displacements. 
Cytidine and guanosine both give rise to a vibration which contributes to the 
intensity of spectral lines in Raman and IR around 1530 cm'1. In the IR a band at 1496 
cm"1 arises from cytidine, and characteristic guanosine Raman bands are evident around 
1290 and 1360 cm'1. 
Another study by Taillandier et. al.24 investigated the duplex form of the 
decadeoxynucleotide d(AAAAATTTTT)2 and the double helical polynucleotide 
poly(dA) poly(dT) via Raman and infrared spectroscopy. In their studies a number of 
conditions were considered. The IR spectra were taken of cast films of 
poly(dA) poly(dT) and were compared to alternating poly(dA-dT) IR spectra under 
conditions of high ( > 92 %) and low (75 %) relative humidity. These polynucleotides are 




























poly (d A) poly(dT) poly(dA-dT) 
Figure 13: poly(dA) poly(dT) and poly(dA-dT) structures 
If we consider the spectra in the 1550 to 1250 cm'1 region along with the spectra 
for the backbone configuration we can conclude that at low RH the configuration of 
d(A5T5) and poly(dA) poly(dT) can be considered a heteronomous configuration with only 
the dT strand in a B configuration.22 
The in-plane vibrations of adenosine and thymidine (single bond stretching and 
bending motions), of the glycosidic bond and of the sugar moiety are observed in the 
1500 to 1230 cm'1 region. Marker bands corresponding to C2’-endo/anti and C3’- 
endo/anti geometries of adenosine and thymidine were determined by the IR spectra of 
poly(dA-dT). 
It was also determined from the IR spectrum of poly(dA-dT) in high hydration 
conditions (RH 98%) in the presence of sodium counterions that the spectra exhibited 
four characteristic absorption bands. These four bands were considered as marker bands 
for the C2’-endo/anti geometry of the dA and dT nucleotides. The conditions for high 
hydration correspond to a classical B geometry of these polynucleotides with B form and 
A form conformations. The A, B, and Z families can be characterized via X-ray single 
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crystal or fiber diffraction, NMR, vibration spectroscopy and circular dichroism.24 The 
marker bands for B form DNA in high RH conditions are assigned as follows: 
Table 2: Marker Bands for High RH Conditions for B form DNA in H20 
Frequency (cm1) Assignment 
1281 C2’-endo/anti dT 
1295 dT B form 
1327 C2’-endo/anti (dA and dT) B form 
1425 A and T 
Use of deuterium oxide solvent results in an upfield shift of marker bands as shown in 
Table 3. 





Frequency (cm'1) Av 
1281 1303 +22 
1275 1300 +25 
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Taillandier et. al.24 found that by decreasing the relative humidity of the A 
form of poly(dA-dT) and (d[8-2H]A-dT) the changes occurred as shown in Table 4. 
Table 4: Marker Bands for Low RH Conditions for A form DNA in H20 and D20 
H2O D20 
Frequency (cm1) Frequency (cm"1) Assignment 
1273 — C3’-endo/anti thymidine 
A form 
1425 1410 dA component 
From the spectrum of poly(dA-dT) at low humidity Taillandier et. al.24 
observed a split of the 1425 cm'1 absorption into two bands at 1417 and 1401 cm"1. 
The C8 deuteration bands corresponding to these splits are 1408 and 1401 cm"1 
assigned as C3’-endo/anti dA and C3’-endo/anti dT respectively. In the A form 
spectra, dA and dT are separated. The C3’-endo/anti dT absorption was observed at 
1317 cm'1, and the C3’-endo/anti dA peak was observed at 1335 cm4. The 
corresponding B form peaks are observed at 1327 and 1342 cm"1. 
It is noted that the 1335 and 1317 cm4 bands were superimposed on another 
adenosine absorption located at 1342 cm4 in the B form. This is how Taillandier et. 
al. accounted for the observed increase in relative intensity at 1342 cm'1 during the B 
to A transition. 
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Also under low humidity the 1295 cm'1 band is apparent in the B form of 
poly(dA-dT). However, the spectra of A form at low humidity does not exhibit the 
1295 cm'1 band. This is why this assignment is attributed to the C2’-endo/anti 
geometry of thymidine only. Now lets take a look at the vibrational modes 
responsible for the assigned absorptions as observed by Taillander shown in Table 5.24 
The IR spectrum of poly(dA) (dT) was also recorded at high relative humidity 
under the same experimental conditions. The marker bands are assigned in Table 6. 
The spectral region from 1550 cm'1 1250 cm'1 was found useful for the 
characterization of the B and Z geometries of poly(dG-dC) poly(dG-dC).21 The Z 
configuration is characterized by two new absorptions at 1265 and 1318 cm'1. Also 
there are shifts of 1375/1364 cm'1 doublet to 1364/1354 cm'1 and the 1420 cm"1 band 
shifts to 1409 cm"1. Taboury et. al.21 observed similar changes in the case of 
poly(dD8G-dC) poly(dD8G-dC) as a result of the B to Z transition. The C5- 
methylation of cytosines is responsible for the low wavenumber shift of the 1364 cm'1 
band. The corresponding band at 1364 cm'1 in deoxycytodine is shifted to 1356 cm'1 
upon C5-methylation. Based on these observations Taboury et. al. concluded that the 
1364 cm'1 absorption for poly(dG-dC poly(dG-dC) reflects the vibrational mode of 
cytosine. The 1354 cm"1 band was assigned to guanine vibrations based on previous 
bromination studies. 
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Table 5: Assignments for B form poly(dA-dT) by Taillandier et. al.24 
THYMIDINE 
Frequency (cm-1) Form Assignment 
1281 B N1-C6-H deformation 
1273 A C5-C6-H deformation 
1425 B N1-C6 stretching 
1401 A Cl-Nl stretching 
DEOXYRIBOTHYMIDINE 
Frequency (cm-1) Form Assignment 
1327 B C4’-C5’ deoxyribose 
1317 A C4’-01’ deoxyribose 
METHYL GROUP 
Frequency (cm1) Form Assignment 
1295 B CH2 scissoring shift 
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Table 6: Marker Bands for poly(dA).poly(dT) at High Relative Humidity 
B Form 
poly(dA-dT) and poly(dA) poly(dT) poly (d A), poly (dT) 





1750 cm'1 -1550 cm'1 
Taillandier et. al. characterized polynucleotides via infrared spectroscopy and 
assigned characteristic peaks for different conformational transitions.20,21 •22 From 
these studies it was determined that the region between 1750 and 1550 cm"1 contains 
the characteristic vibrations of the bases. This region is considered to be most 
sensitive to base pairing and stacking. 
Letellier et. al. studied two separate dynamic models.23 The geometrical data 
of cytidine and residues, "wrinkled" B form poly(dG-dC) poly(dG-dC), and Z form 
d(C-G)3 d(C-G)3 were utilized in the vibrational calculations. These calculations were 
compared. The vibrational modes of interest were in the region below 1550 cm"1 
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which should not be effected by the stacking effect or hydrogen bonding. 
In this spectral region it was also found that the base pairing and base stacking 
absorptions are prevalent. Shifts in the IR absorption bands in this region are due to 
base pair stacking changes as a result of the B to Z transition. During the transition 
the C=0 dipole interaction is modified, thus resulting in detectable shifts.21 
Taboury et. al.21 considered the in-plane double bond stretching vibrations of bases 
and the dG, dC, and C-N glycosidic linkage vibrations for their investigation. After 
the subtraction of the infrared absorbance at H20, Taboury et. al. detected a shift of 
the 1710 cm'1 band (B form) to 1692 cm'1 (Z form) poly(dG-dC)poly(dG-dC). It was 
also noted that an absorption occurred at 1630 cm'1. This 1630 cm"1 band was 
attributed to a characteristic band of the Z form of the polynucleotide. The 1692 cm'1 
band has been assigned to the double bond in-plane stretching vibration of guanine. 
The stretching vibration mainly involves the C6=06 carbonyl group. 
2000 cm1 -1750 cm1 
Taillandier considered the B to Z transition in one study.22 The IR spectra of 
these two conformations were compared to IR spectra of poly(dG-dC), poly(m5dC- 
dG), and a number of different oligonucleotides. In the spectra region of the in-plane 
double bond stretching vibrations of the bases, the decrease from 100% to 98% RH 
of the films was followed by a shift of the B form 1908 cm'1 band to 1996 cm'1 for 
the Z form. 
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INTERCALATION AND DNA/INTERCALATOR 
COMPLEXES: A SPECTROSCOPIC REVIEW 
Antibiotics and drugs may interfere with nucleic acid syntheses in several ways. 
Some substances exert inhibition of nucleic acid synthesis at the metabolic level. This 
is usually accomplished by blocking DeNovo synthesis of nucleotides or by derangement 
of reactions concerned with the interconversion of nucleotides. Then there are the agents 
which affect polymerization reactions. These are the agents which directly affect the 
DNA molecule, resulting in impaired template function. Another group of agents which 
inhibit nucleic acid synthesis interfere directly with the polymerases or other enzymes 
involved in the replication and transcription of DNA. Ethidium bromide has been found 
to inhibit nucleic acid synthesis in a variety of organisms.6 
The three levels of inhibitors listed above are sufficient for the classification of 
antimicrobial agents as far as their primary effect as DNA is concerned. Of course there 
are agents that do not fall clearly in one of the three groups we have assigned, however, 
ad hoc assignments can be made in hope that the assignments provide a reasonable 
framework for discussion of the effect of these agents with nucleic acid synthesis. 
As mentioned earlier a drug may interfere with the DNA template functionality. 
This may occur directly or indirectly. If the focus is placed on direct modes of 
interference, the formation of complexes is of interest. The one mode of complexation 
which has dominated the field is the process of intercalation. DNA intercalators are 
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typically planar, aromatic ring systems that slide between the stacked base pairs of the 
double helix.10 
Upon intercalation, the base pairs remain perpendicular to the helix axis, however 
they are moved apart to accommodate the insertion of the intercalating agent. This agent 
lies in contact with the base pairs above and below via van der Waal forces. The 
complex formed is further stabilized by hydrophobic interactions and charge-transfer 
forces. The charge on the intercalators neutralizes some of the anionic charge of DNA 
and the local and phosphate-phosphate distance increases with insertion of the aromatic 
ring.5 
Drug binding effects on the superhelical state of DNA have been monitored as 
evidence of local unwinding. As intercalation of the drug increases the left handed coiled 
state of circular DNA progressively disappears. This can be observed my monitoring the 
sedimentation coefficient,16-17-18 or the viscosity.19 Changes in the sedimentation value 
are indicative of intercalation. These changes are a result of local uncoiling of the 
double helix which allows for the reversal of the coils of DNA.19 
If the main band parameters are considered for comparison of the infrared spectra 
for DNA and DNA complexes, characteristic changes can be used as an indication of 
intercalation interactions. Binding models for ethidium-DNA interactions have been 
studied. Fluorescence characterization indicates changes in the absorption spectra of 
ethidium bromide mixed with DNA compared to solutions of pure ethidium bromide. 
These changes are indicative of complex formation. There is also a marked increase in 
the ethidium bromide fluorescence. Thus, intercalation results in enhanced 
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fluorescence.3,29 When ethidium bromide intercalates into a DNA molecule, its solvent 
environment and its equilibrium conformation are modified. Olmsted and Kearns3 
suggest that this enhancement of fluorescence is attributed to a reduction in the rate at 
which protons in the excited singlet state transfer to solvent molecules. The following 
experimental observations were made for ethidium bromide binding to double helical 
nucleic acids in H20: 
1. Lifetime studies with varying solvent and temperature do not correlate 
well with known solvent properties. 
2. Fluorescence decreased significantly with addition of small amounts of 
water to nonaqueous solvents. 
3. Both hydroxide ion and acetate ion quench fluorescence. 
4. Ethidium bromide triplet yield is enhanced upon intercalation to DNA. 
All of these experimental observations can be accounted for by excited state quenching 
by solute to solvent proton transfer. Note that the experimental results obtained by 
Olmsted and Kearns utilized DNA with the pH and salt content carefully chosen (pH 5-9, 
Na+ ionic strength < 0.01) to allow for consistent component intermediates between the 
free and intercalated lifetime values. 
Substantial fluorescence enhancement is due in large part to ethidium’s long 
radiative lifetime (73ns).3 Intercalation sites on different biopolymers may result in 
different fluorescence lifetimes since fluorescence yield from intercalated sites is 
dependent on the environmental conditions under which the studies are conducted. 
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Interactions between porphyrins and DNA have been investigated to assess the 
effect of N-alkyl substituents on the porphyrin ring utilizing resonance Raman, NMR, 
and Visible spectroscopy. NMR provides definitive evidence of site intercalation into 
DNA form observations in spectral changes in 'H and 3IP spectra.4 Marzilli et. al.30 
studied the steric effects on intercalation via resonance Raman, NMR, visible 
spectroscopy, viscosity measurements and equilibrium dialysis. The effect of N-alkyl 
substituents on meso-tetrakis(4-N-alkylpyridinium-4-yl) porphyrin cations and their nickel 
(Ni) derivatives on DNA binding were determined. Three DNA polymers were studied. 
The Raman studies indicated that all the Ni porphyrin species were in the four coordinate 
form when bound to the DNA. It was suggested that the propyl and 2-hydroxyethyl 
porphyrin bind to GC regions in the same intercalative manner as the methyl porphyrins, 
with the N-alkyl substituent extended into the solvent. Marzilli et. al. also suggested that 
for the AT region of DNA the propyl and 2-hydroxyethyl porphyrins are nonintercalative 
as found previously for the tetrakis methyl porphyrins (TMpyP(4)) binding to the AT 
regions. From the Raman studies of this investigation the three Ni derivatives appear to 
show similar spectral changes upon addition of [poly(dA-dT)]2 suggesting that partial 
intercalation does not occur because models indicate steric hindrance would not allow for 
accommodation of the bulkier N-alkyl substituents. 
Viscosity studies can also be used to investigate intercalation. Marzilli’s studies 
utilized CT-DNA with the pH adjusted to 7 with aqueous NaOH. The solution reduced 
viscosity (SRV) of the DNA solutions for the methyl, propyl and 2-hydroxyethyl 
porphyrins was studied up to the charge neutralization point. For the porphyrins studied 
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the charge neutralization point was at R=0.5 (porphyrin/DNA bp). Addition of 
porphyrins to DNA resulted in a moderate increase of the SRV of CT-DNA in PIPES 
10 buffer. Addition of the porphyrins to poly(dA-dT) resulted in an increase in SRV 
followed by a substantial decrease after a porphyrin:bp ratio of >0.25. 
The soret bands of the porphyrins were studied via uv-visible spectroscopy to 
assess the effect of CT-DNA on the porphyrins and their Ni derivatives. The results 
showed a large red shift in the soret bands and large hypochromicity. For the Ni 
derivatives addition of DNA resulted in disappearance of the band for the hexacoordinate 
species. The Ni N-propyl derivative resulted in a moderate red shift of the soret band 
and moderate hypochromicity decreased for R < 0.29 with no well defined isobestic point. 
The Ni-2-hydroxyethyl derivative with CT-DNA resulted in the red shift of the soret 
band with no change in the hypochromicity after R< 1.0 and not isobestic point was 
observed. Marzilli’s Raman spectral results for the Ni derivatives showed disappearance 
of all the characteristic bands for the hexacoordinate species upon addition of CT-DNA. 
Though these investigations resulted in considerable evidence that a particular 
porphyrin intercalates into DNA there was no detailed experimental bases for a structural 
model for the intercalated complexes. The most definitive evidence of intercalation was 
found by Marzilli et. al. utilizing 'H and 31P NMR. The data showed a downfield shift 
of the 3IP signal which is attributed to the intercalation of the porphyrin at the phosphate 
binding sites of DNA. The 'H NMR showed an upfield shift of imino protons of DNA 
in the presence of the TMpyP(4) consistent with binding at the 5’CpG3’ site. However 
even these studies are insufficient for a detailed intercalation model.30 
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Fourier Transform Infrared and FT-Raman spectroscopy have been used to study 
DNA/Intercalator complexes. For ionic species in aqueous solution, Raman spectroscopy 
is ideal since water is a poor Raman scatterer.27 Infrared spectroscopy on the other hand 
is difficult due to water absorption. However, vibrational spectroscopy techniques have 
been utilized successfully to study aqueous systems. With the use of Attenuated Total 
Reflectance (ATR) cells the effective path length is shorter and the absorption of water 
no longer prevents the use of IR for solution studies. 
In the IR study conducted by Nakomoto et. al. it was found that water-soluble 
porphyrins as intercalators with polynucleotides resulted the asymmetric phosphate 
stretching vibration at 1221 cm1 shifting to a higher frequency and the symmetric 
phosphate band at 1087 cm1 was shifted to a lower frequency.31 These studies suggest 
that coulombic interactions play an important role in stabilizing the porphyrin-nucleic 
acid complex and that such interactions may occur when any drug containing the N+-R 
group (ethidium, proflavine, etc.) is mixed with DNA.31 
Autoradiographic studies12 and electron microscopic measurements13, 14,15 have 
been utilized for the verification of the required extension of DNA in the presence of 
intercalating drugs. Cairns12 utilized autoradiography as a tool to determine the 
interaction mechanism of acridines with DNA. There were two models proposed. In 
one, the acridine was said to bind to the outside of the double helix. The second model 
was the intercalation model. Since the intercalation model predicts that proflavine should 
increase the length of DNA, autoradiography was utilized to measure the length of the 
DNA in the presence and absence of proflavine. The measurement showed an apparent 
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increase in the length of DNA in the presence of the proflavine. It was also found that 
with increased concentrations of proflavine the length continued to increase to a point 
equivalent to 44% of the potential space between base pairs. 
Ethidium Bromide/DNA Complexes 
In 1964 a refined intercalation model was built by Fuller and Waring utilizing 
results with ethidium bromide.11 These models for the interaction between DNA and 
ethidium bromide were established through X-ray diffraction and molecular model 
building studies. The studies utilized CT-DNA in tris-buffer. Detailed molecular models 
were built from the two different diffraction patterns obtained form DNA with relative 
humidity form 92% to 75%. Both models contained polynucleotide chains held together 
by hydrogen bonding with a helical coil configuration. These configurations were 
complexed with ethidium bromide and the X-ray diffraction patterns obtained were found 
to be similar to the DNA-proflavine complex obtained by L. S. Lerman in 1961.33 
Lerman investigated the intercalation of proflavine molecules. Fuller and 
Waring11 interpreted their X-ray diffraction data in a manner close to that of Lerman 
given the similarities of the DNA complex formed by the ethidium molecules. Fuller and 
Waring11 also determined that intercalation of one planar group for every two or three 
base pairs would result in the observed characteristic changes in DNA X-ray diffraction 
patterns. 
The Ethidium-DNA intercalation model suggested that there was hydrogen bond 
formation between the amine groups of the drug and charge oxygens of the phosphate 
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groups of both polypeptide chains.6 Though not all intercalation models are in perfect 
agreement, there are some requirements that are clearly a part of all intercalation models. 
The plane of the intercalating molecule must be perpendicular to the helix axis. Also the 
helix must be extended and unwound by the binding reaction. Waring16 has observed 
strong binding of ethidium to both DNA and RNA at sites which appear to be saturated 
when the drug to base pair ratio is 1:4 or 1:5. The binding is not influenced by the base 
composition or by dénaturation of DNA, but is sensitive to the changes in the salt 
concentration as indicated by Mariam and Wilson.5 Waring11 studied the effect of salts 
on the binding of ethidium to nucleic acid. It was concluded that NaCl resulted in strong 
binding while MgCl2 resulted in a reduction of binding of ethidium. It is believed that 
Mg interferes with the binding of the drug by causing an increase in the dissociation 
constant of the nucleic acid. 
Mariam and Wilson5 have monitored sodium ion release from DNA in an effort 
to understand the binding mechanism of the intercalating drug ethidium bromide to DNA. 
The charge density on DNA was varied and the double helix was monitored to determine 
how the intercalator affects the charge density of DNA. It was found from these studies 
that the charge density of DNA is affected in two potential ways: 
1. The DNA charge density is decreased as a result of insertion of the 
aromatic ring system of the intercalator between the stacked base pairs of 
DNA. This insertion increases the local and average phosphate to 
phosphate distance causing the decrease in DNA charge density. 
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2. Some of the anionic charge of DNA is neutralized by the charge on the 
intercalator. 
Studies by Wilson32 are in agreement with these findings. Wilson’s studies 
indicate via thermodynamic measurements that the total associated counterion and the 
amount of bound intercalator is approximately linearly dependent. These studies utilized 
both ethidium and sodium counterions. 
Freifelder14 studied the ethidium bromide-DNA complex via electron microscopy. 
The ethidium bromide concentrations were varied and length determinations for a series 
of ethidium bromide-DNA complexes were taken. It was quite apparent that the DNA 
length increased with the ethidium bromide concentration in agreement with the 
intercalation model. This result is consistent with the fact that intercalating dyes increase 
the intrinsic viscosity of DNA and decrease the sedimentation coefficient. 
Butour et. al.15 treated DNA with three different intercalating reagents (ethidium 
bromide, ethidium dimer and acridine dimer). These complexes were observed by 
electron microscopy with adaptation to allow for determination of any DNA lengthening 
upon intercalation. With the technique of spontaneous adsorption with cytochrome c it 
was found that the length of the DNA plateaus 1:1 ratio of ethidium to DNA base pair. 
These studies were conducted at the ionic strengths of 0.1M and 0.4M. The same 
plateau was reached at the 1:1 ethidium to DNA base pair ratio, however the plateau was 
reached at a much faster rate with the ionic strength of 0.1M. These results show that 
cytochrome c decreases the apparent binding affinity of dyes for DNA. 
When DNA is in its maximum coiled state, that is, when the double helix is 
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coiled as "tight" as it can possible be coiled, it is said to be supercoiled. Waring has 
found that ethidium bromide alters the supercoiling of DNA in the same manner as other 
intercalating drugs.19 A number of intercalators were investigated such as proflavine, 
hycanthone, and propidium. All of those compounds believed to be intercalators affected 
the supercoils of DNA in the same manner as ethidium. Measurements of the S20 
sedimentation values were made for all of these intercalating drugs and it was found that 
these drugs either produced clear fall or rise plots for S20. This is evidence for 
intercalation at a critical level of binding. When intercalation occurs the supercoils are 
removed just enough to allow the DNA molecule to behave as untwisted open circles. 
At this point, drug binding takes place and the accumulated uncoiling causes the double 
helix to appear to turn from its original right hand supercoils to left handed supercoils. 
Since supercoiled circles are more compact than open circles they sediment more rapidly. 
Thus the loss and reappearance of supercoils can be easily observed by changes in the 
sedimentation coefficient. 
Other sedimentation velocity studies were conducted by Crawford and Waring.17 
In this investigation Polyoma Virus DNA was complexed with ethidium bromide. The 
results were in agreement with Warings other studies.19 Exposure of polyoma DNA to 
increasing amounts of ethidium bromide resulted in a reduction of the sedimentation 
velocity of the supercoiled molecules. This reduction occurs up to a point of equilibrium 
between the supercoiled and unsupercoiled molecules. It was observed that at high 
concentrations of ethidium bromide the fast component reappeared. This behavior is in 
accordance with the fact that intercalation causes the loss of supercoiling. 
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Note however, that as mentioned before, removal and reversal of the supercoiling 
is not sufficient to prove intercalation.19 It has also been observed that steroidal diamines 
cause removal and reversal of supercoiling in closed circular duplex DNA. However, 
the mechanism of binding is non-intercalative due to the lack of the aromatic character 
and is demonstrated by their failure to cause an increase in viscosity of DNA. It is also 
noted that the degree of unwinding is lower than that of classical intercalating drugs. It 
is essential that all three of the requirements are met for the determination of 
intercalation. These three characteristics vary considerably in magnitude between 
different drug systems, however all there are characteristic for intercalating agents. 
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MATERIALS AND METHODS 
Ethidium bromide was purchased from Sigma. The CT-DNA used for initial 
studies was a gift from Emory University Department of Chemistry. The solution of CT- 
DNA received was 8.0 mM DNA, 10 mM PIPES Buffer, and 10 mM NaCl. The DNA 
was frozen when not in use to prevent action of DNA nucleases present. All equipment 
and glassware was sterilized prior to use and only sterile water was used for preparation 
of stock solutions. The CT-DNA used for the preparation of the DNA-NaCl solution 
was purchased from Sigma as was the NaCl. An 8 mM solution of DNA was prepared 
by dissolving 0.08 mmole of DNA in 10 mL of a 0.15M solution of NaCl. The pH was 
adjusted to 7 utilizing IN solutions of HCL and NaOH. A 4.2875 mM stock solution 
of ethidium bromide was prepared. The Poly(dT-dT) used for the preparation of 
Poly(dA-dT) in NaCl was purchased from Sigma. A 3.667 mM solution of Poly(dA-dT) 
was prepared by dissolving .037 mM of Poly(dA-dT) in 10 mL of a .15M solution of 
NaCl. All equipment and materials were handled wearing latex gloves to protect against 
nucleases. The protocol for addition of ethidium bromide to DNA is shown in Table 7 
resulting in the various volume concentrations as listed. 
The samples of DNA-PIPES were prepared from a initial 1 mL DNA sample. 
The initial DNA sample was obtained from the stock solution of DNA via an Eppendorf 
micropipet. This solution was transferred to the sample holder and the FT-IR scans were 
run. The DNA was removed from the sample holder with a sterile disposable Pasteur 
pipet and transferred to a 2 mL sample bottle. A 0.1 mL volume of ethidium bromide 
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was added to the DNA via an Eppendorf micropipet. The resulting solution was mixed 
by gently shaking for approximately 5 seconds. The solution was ten transferred to the 
sample holder with the same disposable Pasteur pipet. Note that the pipet was rinsed 
with the solution by pipetting the solution and returning the solution to the same sample 
bottle. This process was followed by pipetting the sample solution to the sample holder. 
Following concentrations were prepared in the same manner with transfer of the sample 
in the sample holder to the sample bottle containing any residual solution from the 
previous mixture. This results in a final total volume at the end of the complex 
concentration protocol of 2 mL. Note that the ratios shown in Table 7 correspond to the 
volume ratio of ethidium/DNA base pair solution. A ratio of one ethidium to four or 
five base pairs is the ratio for complete intercalation at all intercalation sites.6 
The samples prepared from the DNA-NaCl solution and the Poly(dA-dT) solution 
were prepared as 10 separate aliquots. The concentration of the DNA was prepared to 
result in a base pair concentration of 8 mmoles. An ethidium bromide solution was 
prepared as a 4 mmolar solution and this solution was used to prepare aliquots of the 
DNA with different ethidium bromide concentrations. The Poly(dA-dT) concentration 
was prepared to result in a 3.667 mmole base pair solution and a 2 mmolar solution of 
ethidium bromide was utilized for the concentration protocol. The DNA and Poly(dA- 
dT) was divided into 1 mL aliquots. Each aliquot was concentrated with mL amounts 
of ethidium bromide ranging from zero to one mL of the appropriate ethidium bromide 
solution. This resulted in 10 aliquots of each biopolymer with ethidium bromide being 
added in . 1 mL increments. 
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where: 
The sample holder for the DNA-PIPES solution was a Spectra Tech Inc. micro 
circle cell. The cell was equipped with a 1/8 inch diameter zinc selenide crystal. The 
sample holder capacity was 1 mL. When a sample is introduced to the cell the crystal 
is surrounded by the solution. The infrared beam enters the crystal at one end and is 
propagated through the crystal and exits at the opposite end to the detector. The 
propagated beam results in an evanescent field that interacts with the molecules of the 
solution. The Fourier Transform infrared spectra was obtained utilizing a 60SXR FT-IR 
spectrometer with a MCT Detector. For each spectra 2048 scans were averaged at a four 
wavenumber resolution. Water was chosen as the background spectra and was utilized 
for generation of absorption spectra in Appendices A-G. 
The infrared spectrum of uncomplexed DNA was subtracted from each of the 
infrared spectra of the complex with appropriate scaling for the uncomplexed DNA 
concentration. The scaling factor was determined based on the assumption that each 
ethidium ion would be intercalated at concentrations of the ethidium bromide less than 
saturation of the intercalation sites at [EtBr]:[DNA] = 1:4. At ethidium bromide 
concentrations higher than this, all the phosphate groups are, by assumption, complexed 
phosphate groups. The formula used to determine the scaling factor was as follows: 
_ [DNA]0 - 4 [EtBr] 
[DNA]O 
/sub = scaling (subtraction) factor, 
[DNA]0 = DNA concentration in sample prior to addition of ethidium bromide, 
[EtBr] = Total Ethidium Bromide Concentration. 
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No manual adjustment of this scaling (subtraction) factor was made. All spectra were 
converted to absorbance units before manipulation. The formula used to determine the 
infrared absorption spectra of the complex is: 
where: 
Acompteil'’’) Aswnplel^) /sub ' ADNA (^) 
AC0Ii,piex 
= absorbance of the EtBr/DNA complex, 
Asamp|e = absorbance of the solution containing complexed and uncomplexed 
DNA, 
ADNA = absorbance of native DNA, and 
v indicates the frequency-dependence of the absorbance spectrum. 
The sample holder for the DNA-NaCl and the Poly(dA-dT) solutions was a 
Spectra Tech Inc. horizontal ATR cell equipped with a zinc selenide crystal. This crystal 
was flat and rectangular. The sample was introduced at the surface of the crystal in an 
amount to allow for complete coverage of the crystal. Depending on the viscosity, the 
sample could range from 0.5 mL to 1 mL. The horizontal crystal functions in the same 
theoretical manner as the cylindrical crystal described above. The advantage of the 
horizontal cell is that it is much easier to align and it does not require as much sample 
for analysis. 
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Table 7: Concentration Protocol for addition of ETBR to DNA 
DNA (mmolel EtBr (mmolel 
Initial Concentrations: 8.58 4.29 
Incremental 
Initial Amount Addition 
of DNA (mil of EtBr (ml) 
1 0.1 
DNA EtBr Ratio 
Addition Number Concentration Concentration (TEtBrl/TD 
0 8.58 0.00 0 
1 7.80 0.39 0.05 1:20 
2 7.15 0.71 0.1 1:10 
3 6.60 0.99 0.15 1:6.7 
4 6.13 1.23 0.2 1:5 
5 5.72 1.43 0.25 
6 5.36 1.61 0.3 1:3.3 
7 5.04 1.77 0.35 1:2.9 
8 4.76 1.91 0.4 1:2.5 
9 4.51 2.03 0.45 1:2.2 
10 4.29 2.14 0.5 1:2 
Attenuated Total Reflectance 
Attenuated total reflectance (ATR) is an infrared sampling technique which is 
particularly useful for many types of samples which are not amenable to normal 
transmission measurements for some reason. The easiest way to get an idea of the utility 
of this technique is by first examining the technique itself. In the application of the ATR 
technique in infrared spectroscopy, the infrared beam does not propagate through a 
sample as it does in a transmission measurement, but through an infrared-transmitting 
crystal as shown below. The infrared beam enters the crystal perpendicular to one of the 
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beveled faces of the crystal, and is "totally reflected" at each crystal interface. Total 
reflection at an interface is governed by Snell’s Law, which states that the angle of 
incidence, 6„ and the angle of transmittance, 0„ are related by 
n; sinflj = nt sin0t, 
where n; is the index of refraction of the incident phase and n, is the index of refraction 
of the second phase or phase into which the light is propagating. The angles are defined 
relative to the normal to the interface. In figure 14 the normal to the interface is shown 
as a dashed line. If n; > nt, then there will be some angle 0C for the angle of incidence 
which will yield a value for 6{ = 90°. For values of greater than 0C , the value 
calculated for sin 0t will be greater than 1 and 0t is not defined. For values of 9, > 0C 
no light is transmitted into the second phase and total reflection occurs. 
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Even though no radiation propagates into the phase beyond the interface, the amplitude 
of the electromagnetic field cannot discontinuously go to zero at the interface. This 
simple fact explains the existence of what is known as the "evanescent field." The 
magnitude of the electromagnetic field decays exponentially as a function of distance 




where dp is called the depth of penetration and is defined by 
dp = A/{27rn2[sin20 . (n 1/112)^] 1/2}. 
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As ri; becomes increasingly larger than n,, the ratio n,/^ decreases, the denominator in 
the expression of dp increases, and dp decreases. As X increases, dp increases, so the 
depth of penetration is a function of wavelength. 
It is the evanescent field which is affected by infrared-absorbing molecules in the 
second phase, and intensity can be absorbed from the field propagating in the crystal by 
species interacting with the evanescent field. Typical depths of penetration are on the 
order of the wavelength of the light itself. For ZnSe, a common ATR crystal material, 
nj = 2.42. For the study of dilute aqueous solutions, the infrared refractive index of 
water can be used for nt and it is 1.245 at 2.5/LX. A typical ZnSe ATR crystal is bevelled 
at 45 so that this is the value of . Using these numbers to solve for dp gives a value 
of 0.342/r at \ = 2.5/* = 4000 crn.j. A similar calculation for \= 10/* gives dp = 
1.42/*. Our ATR crystal yields about 11 reflections as the infrared radiation propagates 
through the crystal, so that the total "pathlength" through the phase surrounding the 
crystal is approximately 3.8/* at \= 2.5/* and 15.6/x at A= 10/x. 
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RESULTS 
The interactions of ethidium bromide with CT-DNA and Poly (dA-dT) were 
studied up to an ethidiurmbase pair ratio of 1:2 shown in Appendices A-G illustrate 
the characteristic spectra for CT-DNA in the region where the phosphate (P02) 
moieties are apparent. There are no characteristic ethidium bromide absorptions in 
this region. Table 8 gives the assignments of the peaks in this region that are of 
significant interest as evidence of intercalation of ethidium bromide in DNA. The 
assignments of the peaks of interest for Poly(dA-dT) are listed in Table 9. 
Table 8: Assignment of absorption wavelengths for Calf Thymus DNA between 
1300 cm"1 and 922 cm"1 
Wavelength (nm) Assignment 
1218 Asymmetric P02 Stretch 
1150 Primary Amines Bend 
1085 Symmetric P02 Stretch 
1047 Phosphodiester or CO Stretch 
970 POH Stretch 
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Table 9: Assignment of Absorption Wavelength for Poly(dA-dT) between 1300 
cm'1 and 900 cm'1 
Wavelength (nm) Assignment 
1219 Asymmetric P02 stretch 
1085 Symmetric P02 stretch 
1050 Phosphodiester or CO stretch 
In initial studies, the DNA solutions were obtained from Dr. Luigi Marzilli’s 
group at Emory University. The understanding was that the samples contained only 
DNA and NaCl in distilled water. However, it was later learned that the solutions 
additionally contained a buffer to stabilize the pH of the solution, called PIPES 
buffer. Many buffers contain functional groups which have the potential to absorb 
strongly in the infrared, and PIPES buffer is one of those. Thus, much of the earliest 
work is complicated by this additional component, but since it does provide a point of 
comparison to the later studies without PIPES buffer in the solution, it is included in 
this discussion. 
As an additional source of confusion, the ATR crystal which was used was 
sealed in place with Teflon o-rings. When changing the crystal, a thin film of Teflon 
can become deposited on the surface of the crystal, and this can lead to additional 
peaks in the observed spectra. These effects are discussed below. 
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DNA in PIPES (DNAP). 
The infrared spectrum of DNAP (Appendix Al) exhibited strong peaks at 1217 
cm'1 and 1086 cm'1. These peaks are attributed to the asymmetric P02 stretch and 
the symmetric P02 stretch (i>s) respectively. Also note a peak at 1147 cm'
1. This 
peak is attributed to Teflon. This Teflon peak is a result of changing the ATR 
crystal. There are Teflon o-rings on each end of the crystal and as the crystal was 
passed through the o-ring a Teflon residue was left on the crystal. Note that the band 
at 1217 cm"1 is very broad. This broad band will be discussed later in comparison 
with DNA in NaCl solution. A medium absorption occurred at 1050 cm"1 which is 
believed to be the result of the phophodiester or CO stretch characteristic of DNA. 
The initial addition of ethidium bromide to CT-DNA resulted in the growth of 
a new feature at 1035 cm1. It is noted that this feature does not coincide with the 
characteristic DNA absorption at 1047 cm'1. As the concentration of ethidium 
bromide is decreased the relative intensity of the 1035 cm'1 to 1085 cm'1 peak 
increases as is apparent in Appendix A. There are also relative intensity loss of the 
1050 cm"1 and 1216 cm"1 peaks. This decrease in intensity is also accompanied by the 
growth of a new feature at 1185 cm'1. Studies of oriented films attribute the primary 
amine bend to this new feature. 
As the ethidium concentration increases the 1185 cm'1 peak intensity also 
increases. This increase in intensity is believed to be due to the local unwinding of 
the B-configuration of DNA caused by the intercalator resulting in supercoiling the A- 
Configuration. It is also noted that the increase in ethidium concentration results in 
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an upfield shift of va and a downfield shift of v,. At a concentration ratio of 3:10, 
ETBR:DNA the 1217 cm'1 peak begins not only to shift but also to broaden and 
reveal what appears to be the growth of a new peak at 1187 cm1. It is not 
appropriate to discuss this shoulder at this point due to the masking of many of the 
DNA features in this spectra. 
The masking which occurred in this spectra was due to the presence of the 
PIPES buffer. Appendix El is a spectra of lOmM PIPES. Note that some major 
absorptions occur from 1300 cm'1 and 950 cm1. Now recall that the DNA spectra 
exhibited a broad band at 1217 cm1. This broadening effect is believed to be due to 
the presence of the PIPES buffer. 
DNA in NaCl (DNAN). 
The spectra for DNAN (Appendix B) exhibited the same major absorption 
bands as those in the DNAP solution. The peaks in the DNAN solution were 
sharper than that of the DNAP. As the ethidium concentration was increased there 
was noted decrease in relative intensity of the 1050 cm"1 and 1222 cm"1 peaks as seen 
before (Appendix B). An upfield shift of the 1222 cm"1 peak to 1224 cm'1 is also 
noted as well as a down field shift of the 1086 cm'1 peak to 1084 cm'1. It can also be 
noted that at concentrations of ETBR:DNA greater than 4:10 the growth of a new 
feature at 1260 cm"1 is apparent (Appendix B5-B11). This feature is not apparent in 
DNAP because of the masking effect of the buffer. The growth of a new peak at 
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1287 cm'1 is also apparent at concentrations greater than 7:10 (Appendix B8-B11). 
In an effort to study only the complex formed by the mixture of DNA and 
ethidium bromide the contributions of the original DNA solutions were subtracted. 
The ethidium was not subtracted since no major absorption peaks were apparent in the 
region of interest. 
The subtractions were performed based on an intercalation ration of 1:4 
(ETBR:DNA). This would allow for subtraction of all non-complexed DNA without 
any manipulation of the subtraction factors. Table 10 lists the subtraction factors 
utilized to obtain the spectra of the complex material. 
Poly (dA-dT) in NaCl. 
The infrared spectra for Poly(dA-dT), Appendix FI, exhibits strong 
absorptions around 1086 cm'1 and 1217 cm1. These peaks are attributed to the 
symmetric and asymmetric phosphate stretches of the biopolymer. It is also noted 
that a small peak at 1296 cm"1 is apparent. This band is a marker band for the C2’ 
endo/anti B-configuration of Poly(dA-dT). The band at 1177 cm"1 is attributed to the 
deoxyribose motion. Also as in the DNA spectra, the peak around 1050 cm"1 is 
attributed to the phosphoester or CO stretch. 
Upon addition of ethidium bromide new feature begins to submerge at 1289 
cm"1 which is indicative of the N1-C6-H deformation of the B-form conformation of 
Poly(dA-dT). If the spectra in appendix G (spectra of DNA complex only) is 
examined carefully it can be noted that with increased concentrations of ethidium 
bromide the asymmetric phosphate band shifts and splits. It can be noted that a split 
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of the 1217 cm'1 peak occurs. At a volume concentration of 2:10 ETBR:Poly(dA-dT) 
the 1217 cm'1 peak is split resulting in the 1227 cm"1 and 1208 cm"1 bands as shown in 
figure G-2. The subtraction factors utilized to obtain the spectra for the complex 
material is shown in table 11. The symmetric phosphate band shifts downfield from 
1086 cm'1 to 1081 cm1. Examination of the 1050 cm'1 band reveals a splitting of this 
absorption band with increased concentrations of ethidium bromide. These splits may 
be due to two different interaction mechanisms. 
As before, based on saturation of the intercalation sites at a [EtBr}:[poly(dA- 
dT] ratio 1:4 any changes in the spectral feature for concentration ratios greater than 
this are not due to intercalation. Changes in the spectra after this point are attributed 
to other grove binding mechanisms. 
For concentrations of [ETBR]:[Poly(dA-dT)] greater than 1:5 there is no 
further change in the symmetric and assymetric absorption bands. However, if the 
spectra is carefully examined at 1261 cm'1, it is noted that a peak presents itself at an 
[ETBR]:[Poly(dA-dT)] concentration of 1:3, and continues to increase in intensity for 
greater concentrations of ethidium bromide. The peaks at 1048 cm'1 and 1034 cm"1 
continue to change after the 1:4 saturation ratio for intercalation. It can be seen that 
the intensity of these peaks decreases and increases respectively. 
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Table 10: Subtraction factors for ETBR:DNA complex spectra 
Volume Molar Complex:Uncomplex Subtraction 
Ratio Ratio DNA Ratio Factor 
1:10 4:80 16:64 0.80 
2:10 8:80 32:48 0.60 
3:10 12:80 48:32 0.40 
4:10 16:80 64:16 0.20 
5:10 20:80 80:0 — 
6:10 24:80 — — 
7:10 28:80 — — 
8:10 32:80 — — 
9:10 36:80 — — 
10:10 40:80 — — 
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Table 11: Subtraction factors for ETBR:Poly(dA-dT) complex spectra 
Volume Molar Complex:Uncomplex Subtraction 
Ratio Ratio Poly(dA-dT) Ratio Factor 
1:10 2:36.67 8:28.67 0.78 
2:10 4:36.67 16:20.67 0.56 
3:10 6:36.67 24:12.67 0.35 
4:10 8:36.67 32:10.67 0.13 
5:10 10:36.37 — — 
6:10 12:36.67 — — 
7:10 14:36.67 — — 
8:10 16:36.67 — — 
9:10 18:36.67 — — 
10:10 20:36.37 — — 
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DISCUSSION 
To our knowledge, only one other group has carried out in situ infrared 
absorption studies of DNA/intercalator complexes. Nonaka et. al.31 also used ATR to 
investigate intercalation complexes of porphyrins with DNA. They observed 
significant shifts in the DNA phosphate symmetric and asymmetric stretching 
vibrations upon intercalation. The asymmetric stretch, which occurs at 1221 cm'1 in 
the absence of porphyrin, shifts to 1238 cm'1 when porphyrin is present. The 
symmetric stretch which occurs at 1086 cm'1 for free DNA shows up at 1064 cm'1 
when DNA is complexed with prophyrin. The model which the authors propose for 
the interaction and the reason for the observed shift is one involving Coulombic 
attraction between the intercalator (cation) and the phosphate groups of the DNA 
backbone (anion). The interaction model is well-known from studies of carboxylate 
functionalities. When a cation interacting with a carboxylate group is at some 
distance from the anion as shown in Figure 15, the two C-0 bonds are equivalent and 
the coupling of the vibrational motion of these two bonds gives rise to an asymmetric 
stretch and a symmetric stretch. The asymmetric stretch has a frequency which is 
higher than that of the symmetric stretch. This is the situation found in aqueous 
solution when the Na-DNA is dissolved in water. 
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When the intercalator interacts with the DNA, the cationic center is not far 
away from the phosphate group, but rather is held in close proximity. For these types 
of interactions, a unidentate complex is the closest model, and the corresponding 
carboxylate model is shown in Figure 16. 
R-C 
Figure 15: Bidentate Interaction of a Cation with a Carboxylate Anion and a 
Phosphate Anion 




Figure 16: Unidentate Interaction a of Cation with a Carboxylate Anion and a 
Phosphate Anion 
It can be seen that in this model, the C-0 bonds are no longer equivalent, and will 
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adopt vibrational frequencies which are more characteristic of C=0 bonds and C-0 
bonds. As these two species move closer together, this results in an apparent shift to 
higher frequencies for the asymmetric stretch and to lower frequencies for the 
symmetric stretch. 
Ethidium Bromide Complex with Calf Thymus DNA 
At relatively low concentrations of EtBr (less than 1:4 [EtBr]:[DNA]), we 
observe a shift in the asymmetric phosphate stretch vibration from the free DNA 
frequency of 1222 cm'1 to 1224 cm'1 for the complex, and a shift of the symmetric 
stretch vibration from 1086 cm"1 for free DNA to 1084 cm'1 for the complex. 
Nonaka et. al.31 observed a relatively large shift in the frequencies of the 
asymmetric (Au = 17 cm1) and the symmetric (Au = -22 cm'1) vibrations. This 
corresponds to a strong Coulombic interaction between the cation center of the 
prophyrin intercalator and the DNA phosphate group. Our observation of much 
smaller shifts in these vibrational frequencies (Au = 2 cm'1 for the asymmetric stretch 
and Au = -2 cm"1 for the symmetric stretch) indicate a much weaker interaction 
between the ethidium bromide and the DNA phosphate groups. This is supported by 
the empirical observation that it is much easier to recover ethidium bromide from a 
DNA/ethidium bromide complex than to recover porphyrin from a porphyrin/DNA 
complex. 
For concentrations of ethidium bromide which correspond to greater than 
saturation for intercalation ([EtBr]:[DNA] > 1:5), we observe the growth of two new 
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features at 1261 cm'1 and 1048 cm1. These features must be due to the formation of 
a complex which is not an intercalation complex. The intercalation-shifted bands 
remain constant, and the new bands appear. Ethidium bromide interacts with DNA at 
these higher concentrations via a mechanism which is not intercalation, but which 
results in a precipitation of DNA from solution at very high EtBr concentrations. We 
postulate that theses new bands are due to the formation of a groove-binding EtBr 
complex with DNA, a complex which gives rise to a different type of interaction of 
EtBr with the DNA phosphate groups. In these groove-binding complexes, it is 
possible for the positive charge center of the EtBr to be physically closer to the 
phosphate oxygen atoms. This may result in larger shifts in the phosphate stretching 
vibrations, due to the mechanism discussed above. 
Ethidium Bromide Complex with poly(dA-dT) 
The relatively broad phosphate infrared absorptions of DNA are due to the 
variety of different environments in which the phosphate groups are found. It was 
thought that by using an oligomer composed of only one type of base pair, the width 
of the DNA infrared absorptions could be reduced and shifts in the phosphate 
absorptions which result form intercalation could be more easily resolved. 
Additionally, by reducing the number of "different" phosphate groups which bind to 
the intercalator, the width of the shifted band is reduced as well. 
The experiment worked well and the shifts of the DNA phosphate infrared 
absorptions were more easily observed and resolved. The asymmetric stretch shifted 
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from an apparent peak at 1216 cm'1 to tow well defined peaks at 1207 cm"1 and 1228 
cm"1. The symmetric stretch shifted from 1086 cm'1 to 1081 cm"1. The 1050 cm'1 
deoxyribose absorption is apparently replaced by two weaker absorptions at 1049 cm'1 
and 1033 cm"1. The splitting of these absorptions is probably due to two different 
binding mechanisms for the phosphate or to two distinct interactions of the phosphate 
with the ethidium ion. 
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CONCLUSION 
The purpose of this investigation was two-fold. The first goal was to 
investigate the primary modes of interaction between drugs and DNA when 
intercalation occurs. The second goal was to determine whether or not it is possible 
to use infrared spectroscopy to discriminate between intercalation and groove binding 
in the interaction drugs with DNA. 
As can be seen in Appendix A, the absorption of DNAP peak at 1085 cm'1 
broadens upon addition of ethidium bromide. This broadening effect is due to the 
masking of the PIPES buffer solution. Also, in the DNAP subtraction spectra it is 
noted that initial subtraction results in a broadening of the region between 1130 and 
1000 cm'1. Though a certain percentage of the buffer is subtracted upon subtraction 
of the DNA, there still remains a percentage large enough to cause broadening in the 
resulting spectra because of the large absorption intensities of PIPES between 1130 
cm"1 and 950 cm1. 
From the results of the data available it is determined that the DNAP data is 
insufficient for the discussion of the intercalation model due to masking of significant 
spectral changes. The buffer masks other features that may be attributed to DNA- 
ETBR interaction and it may at the same time introduce features that are due to 
PIPES-ETBR interaction which cannot be reasonably subtracted. The DNAN analysis 
does allow for the investigation of the intercalation mechanism and also for groove 
binding mechanisms resulting after saturation with an intercalation agent. 
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The DNAN spectral changes after subtraction of DNA are similar to that of 
the spectra before subtraction. The subtracted spectra allows for detection of spectral 
changes at a smaller concentration of ethidium bromide. Note that for the spectra 
prior to subtraction the growth of a new feature at 1047 cm'1 becomes apparent at a 
volume ratio of 6:10 ETBR:DNA ([EtBr]:[DNA] = 1:3.33) (Appendix D6). In the 
subtracted spectra this feature is apparent at a lower volume ratio of 3:10. It is also 
noted that the spectra of the complex for DNAN reveals the growth of the 1260 cm'1 
(Appendix D5) which is not apparent in the DNAP spectra. This new feature is 
believed to be due to the groove binding of ethidium bromide to the phosphate moiety 
and is assigned as the asymmetric stretch of the phosphate-ethidium binding 
mechanism. 
The results of this study shows that the phosphate moieties of DNA and 
Poly(dA-dT) exhibit evidence of intercalation, and future investigators on this project 
may be able to determine the nature of the split absorptions which appear upon 
intercalation of ethidium bromide. 
The changes in the spectra for DNA and ethidium bromide resulted in shifts of 
the symmetric and assymetric phosphate bands of about 2 cm'1. The shifts observed 
by Nokomoto et. al.31 for intercalation of porphyrins were 22-24 cm'1. These larger 
shifts are contributed to the stronger interaction of the porphyrins with DNA. 
Ethidium bromide does not interact as strongly and therefore results in a smaller shift 
of the absorption bands. The evidence is the shifting of the phosphate absorptions as 
well as the growth of new absorption peaks. This intercalation model also shows 
61 
evidence of groove binding mechanisms as apparent from the broadening of the 
original phosphate peaks and changes in the spectra after the saturation point of DNA 
and Poly(dA-dT) with the ethidium ion The growth of the band at 1261 cm'1 after the 
5:10 volume concentration indicates binding mechanisms other than intercalation. 
Further evidence of groove binding mechanisms is the continued changes in the 1048 
cm-1 and 1034 cm'1 bands. The change in intensity of these two bands is indicative of 
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POLY(dA-dT) IN SODIUM CHLORIDE SOLUTION 
ABSORBANCE SPECTRA 
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